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bstract

We synthesized samarium–gadolinium zirconate solid solutions and determined their thermal diffusivities, Young’s moduli and thermal expansion
oefficients, which are very important for their application in thermal barrier coatings. Samarium–gadolinium zirconate solid solutions have

xtremely low thermal diffusivity between 20 and 600 ◦C. The solid solutions have lower Young’s moduli and higher thermal expansion coefficients
han those of pure samarium and gadolinium zirconates. This combination of characteristics is promising for the application of samarium and
adolinium zirconates in gas turbines. The mechanism of phonon scattering by point defects is discussed.

2006 Elsevier B.V. All rights reserved.
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. Introduction

In order to improve the thermal efficiency and reliability
f gas turbines, thermal barrier coatings (TBCs) have been
eveloped to protect the hot-section of the metallic compo-
ents and permit increase in the engine inlet gas temperature
1–5]. Commercially, the most commonly used TBC has been
ttria stabilized zirconia (8-YSZ) [1–4]. Several processes [6,7]
ave been developed to coat YSZ on the metallic bond-coat;
hese include electron-beam physical vapor deposition (EB-
VD), plasma enhanced chemical vapor deposition (PE-CVD),
ir plasma spraying (APS). However, YSZ still has some dis-
dvantage when exposed to high temperature (>1200 ◦C) for
xtended intervals, because phase transition and shrinkage can
amage the coatings [1,8]. Hence, in recent years there has
een considerable interest in developing new TBCs with lower
hermal conductivity and higher stability at elevated tempera-
ure, with the goal of achieving further improvements in engine
erformance.

Among the thousands of possible candidates, initial research
as focused on fluorite- and pyrochlore-structured oxide materi-
ls related to zirconia, doped with rare earth elements [2,8–15].

ompounds with the formula M2Zr2O7 (M = La, Nd, Gd, Sm,
. .) have remarkably lower thermal conductivity than YSZ, due
o their complex structure, large atomic mass and high concen-
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ration of oxygen vacancy. Furthermore, they are chemically
table at high temperatures [8–11,13,14]. Thermal conductivi-
ies for zirconates doped with Gd, Eu, Sm, Nd, Er, Dy, Yb and
a range from 1.1 to 1.8 W/mK at temperatures between 700
nd 1200 ◦C [8–11,13,14].

This paper reports synthesis of samarium and gadolinium
irconates and their solid solution materials, the thermal con-
uctivities and related physical properties of these materials, and
larifies the effects of doping element on the phonon scattering
nd thermal conduction behavior. The selected end lanthanide
irconates for the solid solution were Gd2Zr2O7 and Sm2Zr2O7.

. Experimental procedure

The (Sm1−xGdx)2Zr2O7 (x = 0, 0.2, 0.4, 0.6, 0.8, 1) speci-
ens were synthesized by a solid reaction method. For each

omposition, Gd2O3 and Sm2O3 were weighed and mixed with
rO2 (purity of all chemicals 99.99%, Rare Earth Chem. Co.,
hina) by ball milling. The mixed powders were dry-pressed

nto disk shapes and sintered at 1600 ◦C for 20 h. The phases
f the sintered bulk materials were then characterized by X-ray
iffraction (XRD, D/max-RB, Japan), and the microstructure of
he specimen was observed by scanning electron microscopy
SEM, JEOL-6301F, Japan). The density ρ (g/cm3) of the sin-

ered bulk specimen was measured according to Archimedes’
rinciple. The theoretical densities of each solid solution com-
osition were calculated using lattice parameters acquired from
RD results and the molecular weight of the unit cell. Ther-
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al expansion coefficients were measured using a dilatometer
NETZSCH DIL 402EP, Germany). Thermal diffusivity (κ) was
easured using the laser-flash method (NETZSCH LFA 427,
ermany). Specific heat capacity (CP) of the specimen was
easured by DSC instrument (NETZSCH DSC204, Germany).
hermal conductivity (k′) of the sintered specimen was then
etermined using formula (1):

′ = κ × CP × ρ (1)

ince the sintered specimen still contains micro-pores, thermal
onductivity of the fully dense solid (k) was further normalized
y the formula [16]:

k′

k
= 1 − 4

3
φ (2)

here φ is the porosity of the sintered specimen. The elastic con-
tants and Poisson ratio were acquired from the longitudinal and
ransverse acoustic velocities, which were measured ultrasoni-
ally (Ultrasonic Pulser/Recever Model 5900 PR, Panametrics)
nd these values of elastic constants were extrapolated to fully
ensity by the formula [17]:

0 = E(φ)

(1 − φ2/3)1.21 . (3)

. Results and discussion

.1. Structural analysis

The ion radius difference of Sm3+ and Gd3+ is 2%, and
hey have the same valency in the Sm2Zr2O7 and Gd2Zr2O7
ompounds, but Sm2Zr2O7 is a pyrochlore and Gd2Zr2O7 is
fluorite; these structures can be distinguished by the (3 3 1)

eak from the XRD patterns of synthesized (Sm1−xGdx)2Zr2O7
pecimens (Fig. 1). Except for Gd2Zr2O7 all (Sm1−xGdx)2Zr2O7

pecimens (x = 0, 0.2, 0.4, 0.6, 0.8) are in the pyrochlore struc-
ure. Gd2Zr2O7 has a defective fluorite-type structure, and
ncorporation of Sm3+, transforms it into an ordered pyrochlore-
ype structure. The (3 3 1) peak characterizes the superstructure

Fig. 1. XRD patterns of (Sm1−xGdx)2Zr2O7 (x = 0, 0.2, 0.4, 0.6, 0.8, 1).
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ig. 2. Typical SEM features of the sintered (Sm1−xGdx)2Zr2O7 TBC materials:
a) (Sm0.8Gd0.2)2Zr2O7 and (b) (Sm0.2Gd0.8)2Zr2O7.

f the ordered pyrochlore-type structure and can be used to
istinguish between pyrochlore and fluorite structure [18].

The SEM features of the sintered compounds are shown
n Fig. 2. Almost fully densified (Sm1−xGdx)2Zr2O7 were
btained, and the average grain size is about 5–10 �m. The
elative densities of the sintered specimens were higher than
8%.

.2. Thermal conductivity

Normalized thermal conductivities (k) of Sm2Zr2O7 and
d2Zr2O7 between 20 and 1400 ◦C both decreased with increas-

ng temperature (Fig. 3), and the lowest value is close to
.2 W/mK. The small increase of the value at higher temper-
tures might be due to thermal radiation produced by photons.

The thermal diffusivities of the solid solutions (Sm1−xGdx)2
r2O7 are lower than those of Sm2Zr2O7 and Gd2Zr2O7 between
0 and 600 ◦C (Fig. 4). The minimum observed thermal diffu-

ivity of (Sm1−xGdx)2Zr2O7 occurred at x = 0.4. The reduced
hermal diffusivity of the solid solutions may correlate with their
attice imperfections. Resistance to phonon transfer in electri-
ally insulating solids is related to intrinsic phonon scattering,
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Fig. 3. Thermal conductivities of Sm2Zr2O7 and Gd2Zr2O7.

oint defect scattering and grain boundary scattering, which
esult in thermal diffusivity reduction [19]. As seen from Fig. 2,
rain size in the present study is much larger than the phonon
ean free path (i.e., <1 nm), hence the resistance for the phonon

ransfer in the solid solution comes mainly from intrinsic phonon
cattering and point defect scattering. The lattice imperfections
n the solid solution are caused by substitution of Sm3+ by Gd3+

n Sm2Zr2O7 or substitution of Gd3+ by Sm3+ in Gd2Zr2O7.
hermal conduction owing to the changes of lattice vibrations
ay be affected by point defect scattering for phonons including
ass differences (mass fluctuation) [20,21], and size and inter-

tomic coupling force differences (strain field fluctuations) [22],
espectively, which alter the mean free path of the phonon (λ),
nd the velocity of the phonon (v).

For a compound UxVy, which has a crystal structure com-
rised of U and V sites, the imperfection parameter Γ is
xpressed by [23]:
UxVy = x

x + y

(
MU

M

)2

ΓU + x

x + y

(
MV

M

)2

ΓV (4)

ig. 4. Thermal diffusivities of (Sm1−xGdx)2Zr2O7 specimens measured at dif-
erent temperatures.
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here MU and MV are the average mass of U and V sites,
espectively, and M = (xMU + yMV)/(x + y). Γ U and Γ V repre-
ent the individual imperfection parameters of those two sites.
or the pyrochlore-type solid solution (Sm1−xGdx)2Zr2O7, Sm
nd Gd are substituted for each other and there are four crystal-
ographic sites, including the sites of (Sm,Gd), Zr, O and oxygen
acancy VÖ, with their respective degeneracy of 2, 2, 7 and 1,
espectively. Then,

(SmxGd1−x)2Zr2O7 = 2

12

(
MSm,Gd

M̄

)2

Γ(Sm,Gd)+ 2

12

(
MZr

M̄

)2

ΓZr

+ 7

12

(
MO

M̄

)2

ΓO+ 1

12

(
MVÖ

M̄

)2

ΓVÖ
(5)

here M̄is the average mass of (Sm1−xGdx)2Zr2O7, MSm,Gd,
Zr, MO and MVÖ

are the mass of (Sm,Gd), Zr, O and oxygen
acancy VÖ site. Here MVÖ

is considered to be zero. Since there
s no change at the sites of Zr, O and oxygen vacancy when the
ubstitution between Sm and Gd occurs, Γ Zr = Γ O = ΓVÖ

= 0,
ives:

(SmxGd1−x)2Zr2O7 = 1

6

(
MSm,Gd

M̄

)2

Γ(Sm,Gd) (6)

i = fi

{(
�Mi

M

)2

+ 2

[(
�Gi

G

)
− 6.4γ

(
�δi

δ

)]2
}

(7)

(Sm,Gd) =
∑

i

Γi (8)

here the subscript i denotes Sm or Gd, Γ i characterizes the
cattering cross-section of the impurity atom i, fi the fractional
oncentration of the substitution atom, M and δ the average mass
nd radius of the substituted site in the host lattice, δi the radius
f the substitute in the host lattice, Gi an average stiffness con-
tant of the nearest neighbor bonds from the substitute to the
ost lattice, G the corresponding quantity of the host atoms,
G = Gi − G, �M = Mi − M, �δi = δi − δ and γ is the average

nharmonicity of the bonds (the Grüneisen parameter). Obvi-
usly, Γ i is a function of the concentration of the substitute
tom.

Above the Debye temperature, the ratio of the lattice thermal
iffusivity of a material containing defects with that of the parent
aterial can be written as [24]:

κ

κP
= tan−1(u)

u
(9)

ere κ and κP are the lattice thermal diffusivities of the defected
nd parent materials, respectively, and the parameter u is defined
y [24]

(
π2θ Ω

)1/2
= D

hv2 κPΓ (10)

he symbols h, v, Ω, θD stand for the Plank constant, lattice
ound velocity, average volume per atom and the Debye tem-
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erature which could be estimated by [25]

D = hv

kB

(
6π2

Ω

)1/3

(11)

here kB denotes the Boltzmann’s constant. In the present study,
hen Sm is partially substituted by Gd in Sm2Zr2O7, the point
efects produced and the imperfection parameter Γ are both
unctions of the substitution concentration. Thermal diffusivity
as highest in pure compounds, and decreased as impurities

either Sm or Gd) were introduced into the crystals.

.3. Young’s modulus

At room temperature, the Young’s moduli of all the solid
olutions are lower than those of pure Sm2Zr2O7 and Gd2Zr2O7
Fig. 5). The strain field fluctuations induced by solute atoms
ay modify the elastic properties of solid solutions, and in turn

ffect their thermal transport properties. Solute atoms entering
nterstitial sites always cause hardening of the crystal. Ibegazene
t al. [26] substituted zirconia in YSZ with hafnia and observed
rogressive increase of Young’s modulus in the solid solutions,
ue to formation of new phases. In the present study, Sm3+

ubstituted by Gd3+ or vice versa did not create new phases
ompared with the end compounds. A reduced Young’s mod-
lus was observed. We infer that the size and coupling force
isfit induced by substitution atoms have “softened” the lattice

nd that the strain field fluctuation acts in the form of lattice
elaxation. The relaxation reduces the propagation velocity of
honons and in turn suppresses the thermal conduction in the
nvestigated solid solutions. Clarke [27] deduced an expression
or the lattice thermal conductivity as:

∝ ρ1/6E1/2

(M/m)2/3 (12)
here ρ is the density, E represents the Young’s modulus, M
he atomic weight of the molecule of the compound and m is
he number of atoms in the molecule. Eq. (11) indicates that a

ig. 5. Young’s modulus of (Sm1−xGdx)2Zr2O7 specimens measured at room
emperature.
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ig. 6. Thermal expansion coefficients of (Sm1−xGdx)2Zr2O7 at different tem-
eratures.

maller value of E yields a lower thermal diffusivity, and it is
onsistent with the results shown in Fig. 4, which was measured
sing the laser-flash method. Besides, a small Young’s modulus
s favored in TBC applications, as it produces smaller residual
tresses in the coating system under the service conditions and
esults in better thermal–mechanical stability than compounds
ith higher Young’s moduli [10,26,28].

.4. Thermal expansion coefficient

The thermal expansion coefficient is also a very important
hysical property for TBC materials. Because the thermal expan-
ion coefficient of ceramic materials is usually much smaller
han that of metallic materials, the residual stresses between the
BC material and the metallic bond-coat increases and induces
racks at the interface of the TBC and bond-coat. The thermal
xpansion coefficient of the (SmxGd1−x)2Zr2O7 solid solutions
Fig. 6) is on the same order of conventional TBC (YSZ,
10 × 10−6 K−1) [1] and (Sm0.2Gd0.8)2Zr2O7 shows the high-

st value in the solid solutions. Compared with end compositions
f Sm2Zr2O7 and Gd2Zr2O7, thermal expansion coefficients of
he solid solutions are all apparently improved, which possibly
riginated from the enhanced anharmonicity aroused by point
efects.

. Conclusion

Samarium and gadolinium zirconates and their solid solu-
ion materials have been successfully synthesized. Samarium
irconates and the solid solutions (SmxGd1−x)2Zr2O7 have a
yrochlore type structure except for Gd2Zr2O7. The solid solu-
ions had extremely low thermal diffusivity in the temperature
ange 20–600 ◦C, compared with the end compounds Sm2Zr2O7
nd Gd2Zr2O7. Point defect phonon scattering was identified as

he main reason for the low thermal diffusivity of the solid solu-
ions. Minimum values of Young’s modulus in the solid solutions
ere also observed; these may be correlated with the strain field
uctuation and to the minimum thermal diffusivity. The solid
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olutions even have higher thermal expansion coefficients than
hose of the end compounds, due to the enhanced anharmonic-
ty by point defects. (Sm1−xGdx)2Zr2O7 (x = 0.2, 0.4, 0.6, 0.8)
hows promise as a TBC material.
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